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^`¦d g ¡aT
a¦RacXo\ g Trde_5TLT\
Trde¶NZac_5T\d][6[\N^`_5T$TWZYXoZ g deT^ g Z\NRW[ac¦d=TWa\N_bRpS^`ZpS\TWq g Z7d]p¥R[rqbZ6pS^`cac_`b§«ZRq`\= TqbdeT-Tq`Z
d]Xo`aT^pSZ¨\]*TZ6XoZ g deT^ g Z´\5R[YaccdeTac\]_bR¢a_[ g Z6d]RZ6R¢aTWq
oA\=mZ g p`ZY_bRaTUPN¡Sde_bpLTqbdeTdo\5RRazbZ¨md P
TW\£[\]^b_NTWZ g d][T¨TWq`acR±ZY°AZ7["T(a¦RkT\ac_b[ g Z6dNRZ$Tq`Z-\5R[Yac¦d=Tac\]_9 g Z7©5^`ZY_b[YP]  q`a¦R±Z7d]p`Rk^bR/T\£d g ]^`Zac_
²d N\ g \]¢RX-decx±O
TWaXZRcac[YZ6R6´OQZ6[Tac\]_9/LRT^bp`aZ7RTWq`Z(acXod]["Tk\e?oA\=.Z g pSZY_RaTUPd]_bpTacXZ$Ra¦[Z
\N_TWq`Z-oZ g \ g X-d]_b[Z\edLTWq`Z g X-decP9[Y\]_bRT g deac_`Z7p£o g \Q[YZ6RWR\ g OQZ6[Tac\]_:7
\S[Y^bRZ7Rk\]_wTq`Z g X-deccPN
[Y\]_bRT g deac_`Z7pX^`TaF[Y\ g Z6R69« q`Z6_dN["TacQaTUPXac g d=Tac\]_a¦R^bRZ6p;5<Q¡m| 7
8F¡hX$^`TWa­[\ g Z7R(\]°AZ g d9md P
TW\ %bNqNT¨Tq`ZTZ6XoAZ g d=TW^ g Z(o g \]z`cZYX¬­_£TWq`acRk[YdNRZN¡`TWZYXoZ g deT^ g Z\5R[Yac¦d=Tac\]_RX\NRTcP[Y\]XZ/ g \]X
[Y\ g Z6RzAZYac_`deTZ g _bdeTZ6PdN["TWaNZd]_bp¥a_d]["TWaNZ] fhg ZYQac\]^bRm\ g ¶dezA\]^`Td]["TWaQaTUPXa g deTac\]_¥qbd]R
[Y\]_bRa¦pSZ g Z6pTq g Z6dNp`RaTWq§Z6©5^bde´o g ac\ g aTUP] OQZ6[Tac\]_7d]p`p g Z6RWRZ6R$Tq`Z©5^`Z7RUTWa\N_§\e¨qb\=¤T\Trde¶NZ
dNpS=de_5TWd]]Z\ed][Tac5aTUPXac g d=Tac\]_q`Z6_wTWq g Z6d]pbR±qbd ]Z-pSa°AZ g Z6_5T(o g ac\ g aTacZ6R6«ZLRq`\=¼TWqbd=T/²d]a g
RW[rq`Z7pS^`ca_` g Z7©5^`a g Z6R6¡R\NXZYTacXZ6R6¡TW\ g ^`_9ZYmZ g Tq g Z6dNp`RTWqbde_[\ g Z7RYk«wZo g \]oA\NRZdR[rq`Z7pS^`ca_b
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X-deac_5TWdeac_`ac_`/[\ g Z7RdeTETWq`Z g X-de
RWd=TW^ g d=Tac\]_m«Zd]cR\Lo g \]oA\NRZ(de_d]TWZ g _bd=TWaNZ/XZYTq`\Sp£qbZ g Z/Tq g Z6dNpXa g deTac\]_acR´X-de_bd]]Z6pzQP
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Fo`¦d=TWZ]  q`Z£obd g d]XZYTZ g
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conductance h2 (W/m K)2
2conductance h1 (W/m K)
Tamb
z= z2
heat flux q(x,y,t) (W/m )
2
conductivity k2 (W/mK)
conductivity k1 (W/mK)
z= z1
z= 0
x=−L/2 x=+L/2
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obd g d]XZTZ g =d]^`Z ^`_`aT obq5PSRac[6de&XZ6d]_`ac_`
k1 110 W/mK
Racac[Y\]_
Tq`Z g X-d][\N_bpS^b[Tac5aTUP
k2 400 W/mK
[Y\]o`oAZ g TWq`Z g X-de*[Y\]_bpS^["TacQaTUP
α1 6 × 10
−5 m2/s
Raca¦[\]_
TqbZ g Xd]*pSa°A^bRac5aTUP
α2 1.1 × 10
−4 m2/s
[\]oboZ g Tq`Z g X-de*p`a°^bRaQaTUP
h1 3 × 10
4 W/m2K
a_5TZ g ²dN[Z±X-d=TWZ g acd]Tq`Z g X-de*[Y\]_bp`^b["Trde_b[YZ
h2 700 W/m
2K
qbZ6d=TFRac_`¶Tq`Z g X-d][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TWde_[Z
z1
ub 
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z2 − z1
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power = const
pow. dens. ~ 1/length
pow. dens. = const
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 qbZ´ac_b[ g Z6dNRZ\]*o\=mZ g pSZY_RaTUPacRm\eªTWZY_LXZ6_NTWa\N_`Z6p-T\Z®So`¦deac_-q5PTWZYXoZ g deT^ g Z´a¦R.zZ7[\]Xac_`$d
o g \Nz`Z6X \N_qbaNqoAZ g \ g X-de_b[YZ/[rq`aoRY f \=mZ g pSZ6_bRaTUP
acR´a_bp`ZYZ6pd]_acXo\ g Trde_5Tobd g d]XZYTZ g m^ST
qbZY_o\=mZ g pSZ6_bRaTUP/ac_b[ g Z6dNRZ7RzAZ6[6de^bRZ[a g [Y^`aTrR?Ra21YZma¦R g Z7pS^b[Z7p&¡=TWq`acR?p`\5Z7R_`\eT_`Z7[Z6RWRWd g acP/aXo`cP
d9q`ac]q`Z g RTZ7d]pSP5­RUTrd=TZLTZYXoAZ g d=TW^ g ZNx¨_Tq`Z\eTWq`Z g qbd]_bp&¡¢d9q`aNq`Z g oA\=.Z g pSZ6_bRaTUPac_b[ g Z6dNRZ7R
TWq`ZdeXo`caTW^bpSZ9\](TZ6XoZ g deT^ g Z9\5R[YaccdeTac\]_bR6'«ZzZ6acZYNZ9\]_bZw[Yd]_`_`\]T^`cP ^b_bpSZ g RTWde_p§Tq`Z
TWZYXoAZ g d=T^ g Zko g \]z`cZYX¤d]_bpLd PSRhTW\$Trd][r¶QcZ¨aTaTWq`\]^ST^`_pSZ g RUTrde_bp`a_`$TqbZka¦RWR^`Zk\eTZYXoAZ g d=TW^ g Z
\5R[Yac¦d=Tac\]_RY¬­_$TWq`a¦RhRZ7["TWa\N_mZpSa¦R[Y^bRR?Tq`ZTWZYXoZ g deT^ g Zo g \]z`cZYX de_bpq`\=¥aT¢[6de_zAZXaTacNdeTZ7p
zQPLac_Q]Z7RUTWa5d=Tac_`$Tq`Z/ZY°AZ7["TrR\eEo\=mZ g pSZ6_bRaTUPL\N_TWZYXoAZ g d=T^ g ZN
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ºEac]^ g Z${-Rq`\=RTWq`Z g Z6R^`T¨\]ETrde¶Qac_`d
5mm × 5mm
R©5^bd g Z(R\]^ g [Z(p`acRWRacobdeTac_`
{
-mdeTTWR´^`_`a
\ g XcPd]_bp-RW[Ydecac_`(aTWR¢p`aXZY_Rac\]_bRmpS\=_TW\
1mm×1mm
¡5d][6[\ g pSac_`±T\Tq g ZYZ¨pSa°Z g ZY_5TR[YZY_bd g 
ac\NR oA\=.Z g a¦R´¶NZYoST±[\N_bRUTrde_5T6¡oA\=.Z g pSZ6_bRaTUPa¦R¨¶NZYoST±[\N_bRUTrde_5T6¡\ g oA\=.Z g pSZ6_bRaTUP£ac_b[ g Z6dNRZ7R´d]R
TWq`Z´ac_Q]Z g RZ\e&TWq`Z±R©5^bd g Z´Ra¦pSZ´cZY_`]Tq*  q`a¦RmZ®`deXo`cZ´Rq`\=R?TWq`ZkaXobdN["T\e[a g [^`aT.Xac_`acdeT^ g a216d=
TWa\N_*/l´R¨acc^bRUT g deTZ7pac_£Tq`Z g deobq*¡¶NZYZ6o`a_bLT\]TWd]oA\=.Z g [Y\]_bRTWd]_5T6¡Az`^ST/[\]_[ZY_5T g deTac_`LaTkac_wd]_
d g Z7d¨TqbdeTh]ZTrRhRXd]cZ g de_bpRXd]cZ g ¡]cZ6dNp`RET\$d/p g d]X-d=Ta¦[ac_b[ g Z6dNRZ\e&RTZ6dNpSP5FRTWdeTZmTZ6XoZ g deT^ g Z]
x¨_TWq`Z\]Tq`Z g qbd]_bp&¡A¶]ZYZ6o`ac_`LoA\=.Z g pSZY_RaTUP[Y\]_bRTWd]_5T´z g a_`5RTZ6XoZ g deT^ g ZpS\=_*  qbZ(Xacp`p`Z
[Y^ g ]ZacR?\ g d±oA\=.Z g pSZY_RaTUP(TWqbd=Tha¦R?¶]Z6oSTho g \]oA\ g Tac\]_bd]QT\±TWq`Za_QNZ g RZ\ecZY_`]Tq*  q`a¦R g Z6R^`TrR?ac_
TWZYXoAZ g d=T^ g ZkzZ6a_b g \]^`Nq`cPL[\]_RUTrde_5T6¡Q\]_bPLRac]q5TWP-pSZ7[ g Z6d]Rac_`aTqZ6_`eTWq* Z6_b[Z¨TqbZ g ZYNa\N_
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\]¢TWq`Z g deo`qwPQac_`
zAZTUmZYZ6_9TWq`ZTUm\p`dNRqbZ6p9[Y^ g ]Z6Rka¦R/d g Z6]ac\]_\].q`ac]q`Z g o\=mZ g pSZ6_bRaTUP]¡P]ZT
c\=mZ g TWZYXoAZ g d=T^ g ZN  qbacRRq`\=RhTWqbd=Td]_La_[ g Z6d]RZ´\]oA\=.Z g pSZ6_bRaTUPLpS\QZ7R._b\eT_`Z6[YZ6RWRd g acPXZ6d]_
dq`ac]q`Z g TWZYXoAZ g d=T^ g ZNE¬­_Tq`a¦Rmobd g Ta¦[^bcd g ZY®Sd]Xo`ZN¡Qq`ZY_
.ZkR[6decZkpS\=_LTq`Z/RW©N^d g ZZ6_`eTWqzQP
dL²d][T\ g
λ < 1
¡ARTZ7d]pSP5­RUTrd=TZ(TZYXoAZ g d=TW^ g ZpS\QZ6R¨_`\eTka_[ g Z6d]RZdNR´c\]_`
d]R¨o\=mZ g pSZY_bRaTUPa¦R¨_`\eT
ac_b[ g Z7d]RZ6p
z5P
X\ g Z±Tqbd]_
λ−1.1
·3deo`o g \ ®SaX-deTZYcP`¹"h¬F?oA\=.Z g pSZY_RaTUPac_b[ g Z6dNRZ7Rm²d]RTZ g Tqbd]_TqbdeT6¡
RTZ7d]pSP5­RUTrd=TWZTWZYXoZ g deT^ g ZX-d PzZ7[\NXZLdo g \]zbZ6X¡^`_`cZ6RWRkTq`Z-obdN[r¶=de]ac_`acR±acXo g \=]Z6p*  qbacR
g Z6dNR\N_`ac_`
a¦R±\ g d£Rac_`NZL[Ya g [^`aT(q`\5RZ-pSacXZY_bRa\N_bR(d g ZLRW[Yd]Z7pwpS\=_\=mZYNZ g ¡&a\N_`ZTWd]¶]Z6R
dNpS=de_5TWd]]Z¨\eXac_`acdeT^ g a216d=TWa\N_LTW\$o`^`TX\ g Zk[a g [Y^`aTrRma_dNaNZY_d g Z6d`¡NTqbZ¨TWZYXoAZ g d=T^ g Zko g \]z`cZYX
zAZ6[Y\]XZ6Rm\ g RZ]
H> 
QAA bCA?I*I CWE
 qbZoA\=.Z g pSZY_RaTUPa_9d g Z6]ac\]_£\e?TWq`Z$[rqbao9p`ZYoAZY_bp`R¨\]_wdeo`o`ca¦[Yd=TWa\N_bR g ^`_5TacXZ[rqbd g dN["TZ g a¦RTa¦[YR6
ºb\ g Z®`d]XobZN¡`j f ³Fz\N^`_bpdeo`oba¦[YdeTac\]_bR.]Z6_`Z g d=TWZkd$q`ac]qo\=mZ g pSZY_RaTUPLac_TWq`Z±Z®SZ6[Y^STac\]_[\ g Z]¡
qbacZXZ6X\ g PNFzA\]^`_bpdeobo`a¦[YdeTac\]_bRkNZY_`Z g deTZd
c\=mZ g o\=mZ g p`ZY_bRaTUPN¬­_dX$^`TWao g \N g deXXZ6p
Z6_Q5a g \]_`XZY_5T7¡7qbZ g Z¢pSa°AZ g Z6_NT?deobo`a¦[YdeTac\]_bRZ®SZ6[Y^STZmdeTZ g _bdeTZ6PN¡6TWq`Z6RZ.p`acRobd g aTacZ6R]ZY_bZ g d=TZhTZYX
oA\ g deoA\=.Z g pSZY_RaTUPL=d g acdeTac\]_bR6¡Qq`ZY_[Z±TZ6Xo\ g d]TZYXoAZ g d=TW^ g Z±=d g a¦d=Tac\]_RY
ºEac]^ g Z /9Rq`\=R±TWZYXoAZ g d=T^ g ZLNaNZY_zQPl  ¸£¬(d]R$d^`_b[Tac\]_\]TacXZL\ g dRW©5^bd g Z-o\=mZ g
R\]^ g [YZLzZ6a_bwoAZ g a\SpSa¦[Yd]cP\]_d]_bp\]°Ex¨_`Z[^ g NZLacR$\ g d
2mm × 2mm
R©5^bd g Z
]Z6_`Z g d=TWa_`
| {£d=TTWRq`ZY_TqbZR\]^ g [YZa¦R$\N_*¡?TWq`Z\eTqbZ g [^ g ]Z\ g d
1mm × 1mm
RW©N^d g Z
NZY_`Z g deTac_`:<
d=TTWR/qbZY_TWq`ZR\]^ g [Z-a¦R(\N_*l´RZ®SoZ7["TWZ6p&¡?d£oAZ g a\SpSa¦[-oA\=.Z g pSZ6_bRaTUP\NRW[ac¦d=TWa\N_NZY_`Z g deTZ7R
d
TWZYXoZ g deT^ g Z-\NRW[acccdeTac\]_aTWqTq`ZLRWdeXZ-oAZ g a\Sp&
OS\Tq`Z-oAZ g a\Spa¦R±Tq`Z
Rd]XZac_z\]Tq[YdNRZ7RY
´\=.Z6]Z g ¡TWq`Z£deXo`caTW^bpSZ\e¨Tq`ZTZ6XoZ g deT^ g Z\NRW[ac¦d=TWa\N_acRX\ g Zo g \]_`\N^`_b[Z7p\ g TWq`Z£RX-d]
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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R\]^ g [YZ]¡]zAZ6[6de^bRZ´\]&Tq`Z¨q`ac]q`Z g oA\=.Z g pSZ6_bRaTUP£·
7 W/mm2
SR6
12/4 = 3 W/mm2
¹"¡SpSZ7RobaTWZ¨zA\eTWq
[Y^ g ]Z6Rmqbd Qac_`-deo`o g \ ®SacXdeTZ6PTqbZ(Rd]XZkTWaXZ­d ]Z g d]]Z¨ d]^bZ]
x¨_`Z([6de_ g Z7d]R\]_dezA\]^STTZ6XoZ g deT^ g Z±\NRW[ac¦d=TWa\N_bRm^bRac_`TWq`Zk\]c\=ac_` g ^bZ±\eETqQ^`X$z 5| {.8 
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 "!FS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 qbacR g ^`cZh\e5TqQ^`X$z/acR=decacpk\ g q`ac]q±\NRW[ac¦d=TWa\N_k g Z7©N^bZY_b[YaZ7R&\]_`cP$·²a3 Z]c¡7\ g doAZ g ac\Qp±_b\eTZY®S[YZYZ7pSa_b
dXaca¦RZ6[\N_bpb¹  ZYNZ g Tq`Z6Z7RR6¡]aTmqbaNq`ac]q5TrRhTWq`Z²dN["TmTqbdeT.c\Q[6deAo\=mZ g pSZY_RaTUPacR¢Tq`Zkobd g d]XZYTZ g
qb\NRZaXobdN["T¢\N_-TZ6XoZ g deT^ g Z\NRW[acccdeTac\]_bR?a¦R¢Tq`Z¨X\5RUTmRac]_`a %[6de_5T6¡Qde_bpTWqbd=Td/oA\NRWRacz`cZ´d P(T\
p`Z6[ g Z6dNRZ¨TqbZ(deXo`caTW^bpSZ/\eTZ6XoAZ g d=TW^ g Zk\5R[Yac¦d=Tac\]_RacRmTW\ac_b[ g Z7d]RZ¨TWq`Z/\NRW[acccdeTac\]_L g Z6©5^`Z6_b[PN
H>  
:DFA   I 
:D EMCCI  FK
¬­_\ g pSZ g T\/¶NZYZ6o$TWZYXoAZ g d=T^ g ZzAZYc\=TWq`ZTWq`Z g X-de`caXaT
Tmax
¡NX\SpSZ g _o g \S[Z7RR\ g RZ6d=TW^ g ZTq`Z g 
X-d]Tq g \eTTca_`XZ6[rqde_`a¦RX-RkTWqbd=T g Z6pS^[Zo\=mZ g [Y\]_bR^`XoSTac\]_q`Z6_9TWZYXoZ g deT^ g Z-deo`o g \5d][rq`Z7R
Tmax
ºb\ g a_bRTWd]_b[ZN¡bTWq`Z¬­_5TWZY f Z6_NTWa^bX 7^bRZ7R´d]_£\]_SF\e°XZ7[rqbde_bacRX TWqbd=TkRUTW\]obRTq`Z[c\Q[r¶\ g
RZYNZ g de*Xa¦[ g \NRZ6[Y\]_bp`RqbZY_`Z6]Z g Tq`Z$\]_S­[rq`acoTq`Z g X-d]RZY_bR\ g ac_bpSa¦[YdeTZ7RTqd=T´TWq`Z(TWq`Z g X-deacXaT
Tmax
a¦RZ®`[YZYZ6p`Z6p:5 t8J.¬­_Tq`Z g Z6Xd]a_ba_`¡S.Z$d]RWR^`XZ/de_\N_SJ\]°TqbZ g Xd]&Tq g \]TTcac_`LXZ6[rqbd]_`a¦RX
aTq dp`^STUP¥[YPS[cZq`a¦[rq d]p iU^bRTWRde^STW\]X-d=TWac[6decPT\TWq`ZX-d=®SacX^`X o\5RRazbZ=d]^`ZN  qbacRacR
dN[rq`acZY]Z7pRacXo`cPz5PRT\No`o`ac_`TWq`Z£[c\S[r¶w\ g d %`®SZ6p\e°A3TWaXZq`ZY_`Z6]Z g TWZYXoZ g deT^ g Z g Z7d][rq`Z7R
Tmax

 ^ g a_`Tq`Z¨\e°A3TWaXZN¡5pSPQ_bd]Xac[´o\=mZ g [Y\]_bR^`XoSTWa\N_LacR. g Z6deTcP g Z6pS^[Z6p*l¨R?\ g RTWdeTa¦[o\=mZ g
ac_c\]Nac[/[Ya g [^`aTWR6¡AaT±[Yde_£zAZ$p`Z6[ g Z6dNRZ7pz5P^bRa_bq`ac]qS
Vt
RZ6ZYo£T g d]_bRacRT\ g R`5c|^<e8F¬­_£TWq`Z g ZYX-d]a_S
ac_`¡mZ(a¦pSZ6d]a21YZ/TWq`a¦R¨RaTW^bd=TWa\N_zQPdNRR^`Xac_`d-_Q^`cE[Y\ g Z/o\=mZ g [\N_bR^bXo`Tac\]_pS^ g ac_`L\e°TacXZ6R
·3d][T^bd]cP]¡`R\]XZ/RUTrd=TWac[koA\=.Z g acRRTacpSacRWRaobdeTZ7pac_£[Yd][rqbZ6Rde_p\]Tq`Z g Xa¦[ g \Nd g [rqbaTWZ6["TWZ6pLTWdezbZ7RW¹
x¨_SF\e°TWq`Z g X-deTq g \]TTcac_`$NZY_`Z g deTZ7RmdTZ6XoZ g deT^ g Z¨\5R[Yac¦d=Tac\]_E¬FE.Zkde_5T.TWq`Z(deXo`caT^bpSZ
\]TWq`a¦R\NRW[acccdeTac\]_
T\-zAZRX-d]*[Y\]Xobd g Z6p
TW\
Tmax − Tamb
·3R\Tqd=TTWaXZ­d ]Z g d]]Z´TZYXoAZ g d=TW^ g Z
a¦R-d]R-[Y\5RZ
T\
Tmax
d]RoA\NRWRacz`cZ7¹¡¢TWq`Z\e°A3TWaXZRq`\]^`¦pzZRX-decZY_`\N^`]q*§l[Y[Y\ g pSac_`9TW\Tq`Z
g ^`cZ´\]*TqQ^`X$z\ g TWZYXoZ g deT^ g Z´\5R[Yac¦d=Tac\]_RY¡5q`ZY_
o\=mZ g pSZ6_bRaTUPLpS\N^`z`cZ6R6¡NTWq`Zk\e°A3TWaXZ±Rq`\N^`¦p
zAZTWd]¶]Z6_ 7TacXZ6R(Rq`\ g TZ g ¬­_ g Z6X-deac_`a_b
ZY®QoAZ g acXZ6_5TWR6¡*.ZLdNRR^`XZde_\e°A3TWaXZ-\e
2 µs
de_pwd
X-de®QacX^bXTZ6XoAZ g d=TW^ g Z
Tmax = 85 
j¨
  %'=/  -
() 6   Y.
« qbZY_TU.\TWq g Z7d]p`Rd g Z±Z®SZ7[^STWZ6pdeTZ g _bdeTZYcPL\N_do g \S[Z6RWR\ g ¡QdoA\=.Z g pSZY_bRaTUPL\NRW[ac¦d=TWa\N_
X-d P
zAZNZY_`Z g deTZ6p§deTR\NXZ9o\Na_5TWRL\e±Tq`Zw[rq`ao¡aTWq doZ g ac\Sp¥Z6©5^bde´T\TWq`Z9R^`X \]±TacXZwRcac[YZ6R
\]Z6d][rqTWq g Z6d]p*  q`acR\S[Y[^ g R(TUP5obac[6decPq`ZY_\]_`Z-TWq g Z6d]p^RZ7Rd£^`_baT$TqbdeTTqbZ\eTWq`Z g Tq g Z6dNp
^RZ7RLac_S g Z7©5^`ZY_5TcP]¡´Z] bc¡Tq`Zb\NdeTac_`eFoA\]ac_NT
^`_`aT6¡´\ g q`Z6_ Tq g Z7d]p [rqbd g dN["TZ g a¦RTa¦[YR-NaNZX\ g Z
\No`oA\ g T^`_`aTacZ6R\ g [c\S[r¶5d=Tac_`£·ZN ¡b\]_`Z±TWq g Z7d]pZ®SoAZ g aZ6_b[Z7Rd\]T\e?[YdN[rq`Z±Xa¦RWRZ7RW¹.ºEaN^ g Z47
Rq`\=Rkde_dezbRT g d][T¨QaZ6¼\edo g \S[Z7RR\ g [\ g ZN¡Aqbac[rqw.Z g Z6o g Z6RZY_5TkdNRkd
5 mm × 5 mm
R©5^bd g Z
oA\=mZ g R\]^ g [YZpSa¦RRaod=Tac_`
1 W/mm2

	*ZT±^bRk[\N_bRa¦pSZ g d^`_`aT6¡&q`a¦[rq9mZ g ZYo g Z6RZY_5T¨dNR¨d
RX-d]
aba ÞMcedffd
   6Y"	  ". Y 
5mm
1mm
4 W/mm^2
1 W/mm^2
0.5 mm
2.5 mm
2.14 W/mm^2
4*2.14 W/mm^2
length scaling *1/2
power density scaling *2.14
ºEac]^ g Z`7  ()*" ( !N.  b -S+*. 
 *
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.35
 0.4
 0.45
 0.5
 1e-04  0.001  0.01  0.1
%
 C
P
U
slice (seconds)
5 mm
2.5 mm
ºEac]^ g Z 
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1 mm×1 mm
RW©5^bd g Z]¡]TqbdeT.a¦Rh^bRZ6p-zQP$Tq g Z6dNp |´de_bp_b\eT.^RZ7pz5PTWq g Z7d]p {SE« q`Z6_-Tq`Z¨^`_`aT
a¦R¨^bRZ7p&¡A.Zd]RWR^`XZ(aTkp`acRWRacobdeTZ6R
4 W/mm2
´«Z$dNRR^`XZ/TWqbd=T±d-TqbZ g Xd]RZY_bR\ g acR¨c\Q[6d=TWZ6p£d=T
TWq`Z´[YZY_5TZ g \eATq`Z´^`_`aT6?«Z´d]RWR^bXZ
Tamb = 40 
j¨¡]TqbdeT¢a¦RY¡NTq`Z´Xde®SaX$^`X g ZY¦d=TWaNZ.TWZYXoAZ g d=T^ g Z
a¦R'7 


j¨N« q`ZY_-TWZYXoAZ g d=T^ g Zac_Tq`Z¨^`_`aT¢Z®`[YZYZ6pbR
Tmax = 85 
j¨¡]mZRT\]oTWq`Z´[Y\S[r¶(\ g
2 µs
de_bp
dNRR^`XZ±d$_Q^`c&oA\=.Z g [Y\]_bR^`XoSTWa\N_
ac_Tq`Z±XZ6d]_NTWaXZN?«wZ(dNRR^`XZ´TWqbd=TzA\eTWq
TWq g Z6d]pbRqbd ]Z¨Tq`Z
RWdeXZ/o g ac\ g aTUPde_bp£d g Z/_`\]T´o g ZYZ6Xo`TZ6p*OS\LZ6dN[rq
TWq g Z6d]pqd]RTWq`ZRWdeXZ %`®SZ6pTWaXZRcac[YZ]« q`ZY_
TWq`ZLTWq g Z6d]p[^ gWg Z6_5TcP g ^`_`_`ac_`9qd]R(ZY®Sqbde^bRTZ7paTWRTacXZRa¦[ZN¡TWq`Zx±O g ^`_R(TWq`Z\]Tq`Z g Tq g Z7d]p&¡
d]_bpR\\]_l¨R(dXZ7d]R^ g Z$\].oAZ g \ g Xd]_b[ZN¡*mZNaNZTWq`Z g d]["TWa\N_9\]j f ³ TWaXZ^bRZ6pzQPZ6dN[rq
TWq g Z6d]p*¡`_`\eTk[\]^b_NTWa_b-a_TWq`acR g dN["Tac\]_TWq`Z/TacXZ(c\NRT´zZ7[Yd]^bRZ/\]TWq`Z g X-deTq g \eTTca_`º`\ g Tq`Z
ac_`aTa¦deTWq`Z g X-de&RUTrd=TWZ]¡SmZkdNRR^`XZ´TWqbd=T\ g
t < 0
Tq g Z7d]p |±qbdNR.zAZYZ6_ g ^`_`_ba_`dec\]_bZ´\ g dc\]_`
TWaXZN¡`a3 Z]c¡QTqbZk^b_`aTa¦RmTqbZ g Xd]cPRWd=TW^ g deTZ7p&  qbZY_\ g
t ≥ 0
¡QTWq g Z6d]pbR |/de_p {d g Z¨ZY®SZ6[^`TZ6p
d]TWZ g _bd=TWZYcP]ºEaN^ g Z 
(Rq`\=RETWq`Z g d][Tac\]_\ej f ³ TacXZ´^bRZ6pzQP$Tq g Z6dNp |´dNRhd±^`_["Tac\]_\eTq`Z
TWaXZRcac[YZ]¡d=ªTWZ g |$RacX^`¦d=TWZ6pRZ6[Y\]_bp*  q`Z$RZ6[Y\]_bp[^ g NZ(\]_ %bN^ g Z 
a¦R\ g d-o g \S[Z7RR\ g qb\NRZ
p`aXZY_Rac\]_bR/d g Z-RW[Yd]Z7pwpS\=_zQPwd
²d][T\ g
λ = 1/2
d]_bp9oA\=mZ g pSZ6_bRaTUPwRW[Yd]Z7p9^bozQP9d²dN["TW\ g
λ−1.1 ≈ 2.14
·3["U.OQZ7["TWa\N_{`| ¹"¡`d]RRq`\=_\]_ºEaN^ g Z`7
ºEac]^ g Z 
Rq`\=RLTWqbd=TTqbZoAZ g \ g X-de_b[YZ9\](Tq g Z6dNp |pSZ6[ g Z7d]RZ6RRac]_`a %[6de_5TcP§q`ZY_:Tq`Z
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Z.\e`TWq`Z.qbaNq(o g a\ g aTUPkTq g Z6dNp(pSZ6[ g Z7d]RZ6R6º`\ g ZY®`deXo`cZ]¡=aTq$d
TWaXZ g oAZ g a\Sp-\]
1 ms
¡]mZ´NZT´|7u	T\eTrdeoZ g \ g X-de_[Zc\NRWRhq`Z6_-]\]ac_`/ g \]X
Tsat = Tmax−1KTW\
Tsat = Tmax−5K
¡=z`^`T?d±{   	 oAZ g \ g Xd]_b[Z.Nd]a_$\ g TqbZmqbaNqSJo g ac\ g aTUPkTWq g Z7d]p&l¥]\Q\Sp(=dec^`Z
aba ÞMcedffd
|7t  6Y"	  ". Y 
\ g
Tsat
a¦R¢Tq`Z g Z7R^`T.\]d/T g dNpSZF\e°¬FTpSZ6oZ6_bp`R.\]_LoA\=.Z g pSZ6_bRaTUP-de_p-\]_-TWq`Z¨RW[rq`Z7pS^`cZ´oAZ g a\Sp&
l q`ac]q`Z g o\=mZ g pSZY_RaTUP\ g dLc\]_`NZ g R[rqbZ6pS^`cZoZ g ac\SpXZ6d]_bR´¦d g ]Z g TWZYXoAZ g d=T^ g Z$\NRW[ac¦d=TWa\N_bRY¡
qbac[rq g Z6©5^`a g Z7RdRX-decZ g
Tsat
=dec^`Z]ºb\ g Z®`deXo`cZ]¡d]R¨Rq`\=_£\N_ºEaN^ g Z$~`¡`Trde¶Qac_`dLRW[rq`Z6p`^`Z
oAZ g ac\Qp\]
100 µs
a_bRTZ7d]p\]
1 ms
oZ g XaTWRhZ6_bR^ g ac_`/²d]a g _`Z7RR?aTq
d/q`ac]q`Z g
Tsat
qbZY_b[YZ´d/ g Z6deTZ g
\=NZ g decoAZ g \ g X-de_b[YZ]
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¬­_TWq`Z
RW[rq`Z7pS^`ca_`£XZYTq`\Sp\]OSZ6["TWa\N_ 7b /`¡Tq`Zx±OacR g Z7RoA\]_bRacz`Z\ g pSZ7[a¦pSac_`£q`a¦[rqTq g Z6dNp
TW\ g ^`_ deT-dNaNZY_TacXZ]¡de_bp¥\]_¥q`a¦[rq [\ g Z]§«Z£ZY_bR^ g Z6p¥d][Tac5aTUPXac g d=Tac\]_¥zQPX-deo`oba_`
TWq g Z6d]pbR\]_[Y\ g Z6Rac_d g de_bpS\NX¤²dNRq`ac\]_£Z6]Z g P
Xacca¦RZ7[\N_bp&O5TWdeTa¦RUTWac[6decPN¡bZ7d][rqTq g Z7d]pQacRaTrR´d]
[Y\ g Z6R6¡5d]_bp[\ g Z6Rmqbd NZ g \]^`Nq`cPTq`Z/RWdeXZ´TWaXZYFd NZ g de]ZTZYXoAZ g d=TW^ g ZN \=mZYNZ g ¡]TWq`acRXZYTq`\Sp
acR
Qa¦dez`cZ\N_`cPa¢aT±p`\5Z7R´_b\eT±a_bp`^b[ZT\Q\
X-d]_5P[YdN[rq`ZXa¦RRZ6R6k¬F¢o\=mZ g pSZY_RaTUP£¶]Z6ZYobR´a_b[ g Z7d]Ra_b
aTq$TZ7[rq`_`\N\N]P/Rq g ac_`¶Qa_bb¡ TZ6XoZ g deT^ g Z\NRW[ac¦d=TWa\N_bRp`^`ZmT\/[\ g Z7RzAZYac_`/deTZ g _bdeTZ6P(dN["Tac]Zde_p
ac_bdN["Tac]Z-X-d P g Z6©5^`a g Zd£RW[rq`Z7pS^`cZ-oZ g ac\SpX^b[rqRq`\ g TZ g Tqbd]_dXacca¦RZ7[\]_p&¬­_TWq`acR[Yd]RZ]¡.Z
X-d PLde_5TT\¶NZYZYoZ®SZ7[^STWa_`-d$Tq g Z7d]p
\]_Tq`Z(RWdeXZ/[\ g Z±d]Rc\]_bdNRo\5RRacz`ZN
«Z-o g \]oA\NRZd=d g acd]_5Tk\].TWq`Zo g Z6Qa\N^bR/R[rqbZ6pS^`cac_`
XZYTq`\Spa_q`a¦[rqwTq`Z
x±O9acR±_b\c\]_b]Z g
g Z6RoA\]_bRazbZ\ g Xd]o`o`ac_`£TWq g Z7d]p`R±\N_[\ g Z7RY  qbZx±O[rq`\Q\NRZ6R±q`a¦[rqTq g Z6dNpRq`\N^`cp g ^`_d=Td
NaNZY_TacXZ/d]_bp&¡SmZ±dNRR^`XZ]¡SR\]XZ % g X$md g Z¨acR g Z6RoA\]_bRazbZ¨\ g dN["TacQaTUP-Xac g d=TWa\N_*  \o g ZY]Z6_5T
^b_`_`Z6[YZ6RWRd g P/Xac g d=TWa\N_bRY¡=mZmTWd]¶]Zd]pS=de_5Trde]Zm\eATqbZ.\Nc\=ac_`±\]zbRZ g =d=Tac\]_*«wZ_bZYZ6p$TW\kXac g d=TWZ
\N_`cPLq`ZY_mZ(pSZTWZ6[T´d[Y\]¦p[\ g Z-·
T < Tsat
¹   Ã Tq`Z g Z/ZY®Qa¦RTWRd g ^`_`_`ac_`Tq g Z6dNpqbac[rqa¦Rq`\eT
·Tq`Z g X-d]Tq g \eTTca_`T g ac]NZ g Z6p g Z6[YZY_5TcP`¹"¥¬F±R^b[rq¥\Q[6[^ gWg ZY_b[YZ
a¦R-pSZTWZ6[TZ6p*¡.mZ
X\=NZTWq`Z£q`\eT
TWq g Z6d]pT\TWq`Z£[\]¦p¥[\ g Z]¥¬F´TWq`Z g ZmdNRd9TWq g Z6d]p g ^`_`_`ac_`\]_Tq`Z£[Y\]¦p[Y\ g Z]¡¢mZX\=NZ
aT-T\
TWq`Z£q`\]T[\ g Z]  qbdeTLacR6¡m.Z£ZY®S[rqde_`NZTWq g Z7d]p`R6  \o g Z6]ZY_5TTq g Z7d]p`R g \]X Xac g d=TWa_b9TW\5\
 g Z6©5^`Z6_5TcP]¡dTWq g Z6d]pwa¦R/_`\eT[6de_bp`acp`deTZ\ g Xac g d=TWa\N_wzAZ\ g Z-d£[YZ g TWdeac_wTacXZ
tmig
qd]R/Z6cd]obRZ7p
Rac_b[ZaTWR?¦d]RThXa g deTac\]_*  q`Z=dec^`Z\]
tmig
Rq`\]^bcpzAZ´RX-d]`Z6_`\]^b]q$\ g caXaTac_`/TWq`Z´deXo`caT^bpSZ
\]±TZYXoAZ g d=TW^ g Z9\NRW[ac¦d=TWa\N_bRY¡PNZT_`\]TLT\Q\RX-decTW\acXaTa_pS^b[Z7p [YdN[rq`Z£XacRWRZ6R6,ºEac]^ g Z|7u
[Y\]Xobd g Z7R g d]_bpS\NX X-deobo`a_bwde_pRZ6_bR\ g 3T g ac]NZ g Z6pXac g d=TWa\N_bRdeT
Tamb = 30 
j¨E«Z]ac]ZL\ g
Z7d][rqwTq g Z6dNpwTq`Zd NZ g deNZTWaXZ-zAZTUmZYZY_[Y\]_5TZY®QTRaTW[rq`Z7RY«wZ[Y\]^`_5Td£[Y\]_5TZY®5TRaTW[rq\ g d
TWq g Z6d]p±Z7d][rq±TWaXZhTWq`ZhTWq g Z6d]p±a¦Ro`^ST\N_(d[\ g Z.de_bpkTWq`Z¢o g ZYQac\]^bR*Tq g Z6dNp g ^b_`_`ac_`\]_(TqbdeT[\ g Zhd]R
d$pSa°AZ g Z6_NT\N_`Z]º`\ g RZY_R\ g JT g aN]Z g Z7pXac g d=Tac\]_RY¡5.Z±RZT
tmig = 1 ms
¡Sd]_bp-mZk[Y\]_bRacp`Z g TqbdeTd
TWq g Z6d]pa¦Rq`\]T´aaT´T g ac]NZ g Z6pTq`Z g X-d]&Tq g \eTTca_bpS^ g a_bTq`Z$cdNRUT
20µs
mºb\ g zA\eTWq£XZTqb\QpbRY¡.Z
dNRR^`XZd
1 ms
RW[rq`Z6pS^bZoAZ g a\Sp&E«Z]Z g a %bZ6p$TWqbd=T¢zA\eTWq-XZTqb\QpbR?]ac]Zd]o`o g \ ®QacX-d=TWZYcP/Tq`Z¨Rd]XZ
oAZ g \ g X-de_b[YZ$a.Z_`ZYNZ7["T/ac_bpS^b[YZ6p[YdN[rq`Z$Xa¦RRZ6R6¡*aTqRZY_bR\ g 3T g ac]NZ g Z6pXa g deTac\]_bRkNaQac_`d
RcaNqNTWPq`ac]q`Z g oAZ g \ g X-de_b[YZ·\N_-Tq`a¦R.Z®`deXo`cZ]¡4/	¼\=]Z g d]bd]_bp±{ 	\ g TqbZ´q`ac]q`Z7RUTJo g ac\ g aTUP
TWq g Z6d]p¹  q`ZhX-deac_(pSa°AZ g Z6_b[Z?a¦R&TWqbd=TRZ6_bR\ g T g ac]]Z g Z7pkXac g d=TWa\N_bRoAZ g XaTEp`Z6[ g Z6dNRac_`mTqbZh_Q^`XzAZ g
\]¢[\N_NTWZ®QT¨RaTr[rq`Z6R6´l¨R¨[6de_zAZ$RZYZ6_£\]_9ºEac]^ g ZL|6ub¡bTWq`a¦R´zAZY_`Z%`TWR¨X\NRTcPT\LTWq`ZqbaNqSJo g ac\ g aTUP
TWq g Z6d]p*¡`d]RmTqbacRTWq g Z6d]p
a¦RmTq`Z/\N_`ZkTqbdeT^bRZ7Rd][Tac5aTUPLXac g d=Tac\]_X\NRT\eªTZ6_*
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 qbZ_`ZYZ7p§\ g Rqb\ g T-TacXZRca¦[Z6Ra_ Tq`Z g X-deccPN­[\N_bRT g deac_`Z6po g \Q[YZ6RWR\ g R6¡mZY]Z6_ a(acXo`cac[YaTa_ d
[Y\]^`obZ\e/RT^bpSacZ6R95 ~b¡   8F¡mqd]R_`\]TLzZ6ZY_ RUTrd=TWZ6p¥Z®So`cac[YaTWPzZY\ g Z]  ZY]Z g TWq`ZYcZ6RWR6¡¢TWq`Z g Z£d g Zd
Z6 odeoAZ g R±\]_TZ6XoAZ g d=TW^ g Z­d md g ZR[rq`Z7pS^`ca_bb-¬­_5|
^8F¡aT(mdNR±o g \]oA\NRZ6p9T\£cZT/TqbZx±O¶NZYZ6o
TWZYXoAZ g d=T^ g ZzZ6\=
Tmax
zQPa¦pSZY_5TWaPQac_`Tq`Z q`\eT$o g \S[Z6RWRZ6Rkde_bpw]ac]Z$Tq`Z6X cZ6RWRj f ³ TacXZ]
´\=.Z6]Z g ¡S\N_T\Sp`d P# Ro g \S[Z7RR\ g R`5 tS¡7¡|e/
8J¡bTq`ZTWd]R¶\]?Xd]a_5Trdeac_`a_bTZYXoAZ g d=TW^ g Z/zAZYc\=
Tmaxa¦RLX\5RUTWPTq`Z g Z7RoA\]_bRacz`acaTUP\e±TWq`Z % g Xd g Z]:¬Fdo g \S[Z6RWR-a¦R-TW\5\qb\eT6¡TWq`Z g X-de´Tq g \eTTca_`
T g ac]NZ g R´d]^ST\NXdeTa¦[Yd]cP]/¬­_ 5   8J¡d]^STqb\ g R´o g \]oA\NRZ(TW\£R[rq`Z7pS^`cZTWq g Z6d]pbR´zbdNRZ7p\N_TqbZYa g TWq`Z g X-de
[rqd g d]["TWZ g acRTa¦[YR g Z6[Y\ g pSZ6ppS^ g ac_`(o g ZYQac\]^bRhTacXZ¨Ra¦[Z7RYE¬­_Lobd g TWac[Y^`cd g ¡]Tq`Z6Po g \No\5RZTW\$d]TWZ g _bd=TWZ
q`\]T ±d]_bp [Y\]¦p´Tq g Z7d]p`R\N_dNaNZY_
[Y\ g Z]
fhg ZYQac\]^bRRUTW^bpSacZ6RLqd ]ZRq`\=_¥TqbdeT
d][Tac5aTUPXac g d=TWa\N_¥\N_§X^`TaF[Y\ g Z6R 5<5¡¨| 7`¡¨|6t^8k\ g \N_
O`¸ f RPSRUTWZYX-R 5|N|8(acRd]_ Z»L[YaZ6_NTTZ7[rq`_`a¦©5^`Z9\ g pSZ6[ g Z7d]Ra_`TZYXoAZ g d=TW^ g ZN \=mZYNZ g ¡Tq`Z7RZ
RT^pSaZ7RLc\Q\]¶]Z7p\N_`cP¥deT-Tq g Z6dNp`R-aTq Z7©N^deo g ac\ g aTWaZ7RY  \\N^ g ¶Q_`\=cZ6pSNZ]¡mTq`Z9o g \Nz`cZYX \]
TWq g Z6d]p$R[rqbZ6pS^`cac_`´\N_$d  jm¸wjq`Z6_(TWq g Z7d]p`REqbd NZ.pSa°Z g ZY_5TEo g ac\ g aTWaZ7Rqd]RE_`\eTzAZYZY_[\N_bRacpSZ g Z7p
o g Z65ac\]^RcP]
 %'(.	Y(
 qbacRobdeoAZ g d g ]^bZ6RTWqbd=TETq`Z¢Tq`Z g X-d]5pSZ7Rac]_\ebdTWq`Z g X-decP±[\N_bRT g deac_`Z6p±o g \S[Z7RR\ g Rq`\N^`cp(_`\eTzZ
zd]RZ6pR\NZ6PL\N_RTZ7d]pSP5­RUTrd=TWZ´TWZYXoZ g deT^ g Z]¡bz`^ST´de¦R\\N_T g d]_bRaZ6_NTTWZYXoZ g deT^ g Z]¬­_obd g TWac[Y^`cd g ¡
mZ±Z6RTWd]z`a¦Rq`Z6pTqbdeTTq`Z(d]Xo`aT^pSZ±\eETZYXoAZ g d=TW^ g Z±\5R[YaccdeTac\]_bRmac_b[ g Z6dNRZ7RmaTWqoA\=mZ g pSZY_RaTUP]
«Z´qd ]Z´Rq`\=_-TWqbd=T.Tq`Z±deXo`caTW^bpSZ¨\e*TWZYXoZ g deT^ g Z\5R[YaccdeTac\]_bR.pSZ6[ g Z7d]RZ6R¢a*mZ´ac_b[ g Z6dNRZTq`Z6a g
 g Z6©5^`Z6_b[PN  q`acRZ7d]p`R^bRmTW\Ld g ]^`Zkac_
²d N\ g \e?RX-d]x±OLTacXZ(Rcac[YZ6R6
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 q`a¦R.obdeoAZ g pSZYX\]_RUT g deTZ6RhTqbdeT6¡Q\]_Ld(Tq`Z g X-d]cP5F[Y\]_bRT g deac_`Z6pX$^`TWa­[\ g ZN¡e²d]a g R[rq`Z7pS^`ca_b/\ g
TWq g Z6d]pbR¢aTqpSa°AZ g Z6_NTo g a\ g aTacZ6R g Z6©5^`a g Z7R.R\]XZTWaXZ7R¢TW\ g ^`_ZYmZ g Tq g Z6dNp`R.Tqbd]_
[Y\ g Z6R6¡5R\TWqbd=T
qbaNqSJo g ac\ g aTUPTWq g Z7d]p`R±[6de_wTWde¶NZdNpS=de_5TWd]]Z\ed]["TWaQaTUPXa g deTac\]_*$¬­_R^b[rq[YdNRZN¡TZYXoAZ g d=TW^ g Z
\5R[Yac¦d=Tac\]_RX\5RUTWP[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